Cross-sectional magnetic resonance imaging (MRI) studies have long hypothesized that the brain in children with autism undergoes an abnormal growth trajectory that includes a period of early overgrowth; however, this has never been confirmed by a longitudinal study. We performed the first longitudinal study of brain growth in toddlers at the time symptoms of autism are becoming clinically apparent using structural MRI scans at multiple time points beginning at 1.5 years up to 5 years of age. We collected 193 scans on 41 toddlers who received a confirmed diagnosis of autistic disorder at ϳ48 months of age and 44 typically developing controls. By 2.5 years of age, both cerebral gray and white matter were significantly enlarged in toddlers with autistic disorder, with the most severe enlargement occurring in frontal, temporal, and cingulate cortices. In the longitudinal analyses, which we accounted for age and gender effect, we found that all regions (cerebral gray, cerebral white, frontal gray, temporal gray, cingulate gray, and parietal gray) except occipital gray developed at an abnormal growth rate in toddlers with autistic disorder that was mainly characterized by a quadratic age effect. Females with autistic disorder displayed a more pronounced abnormal growth profile in more brain regions than males with the disorder. Given that overgrowth clearly begins before 2 years of age, future longitudinal studies would benefit from inclusion of even younger populations as well as further characterization of genetic and other biomarkers to determine the underlying neuropathological processes causing the onset of autistic symptoms.
Introduction
Autism is a heterogeneous neurodevelopmental disorder of unknown etiology and poorly understood neuropathology. Children are given an autistic disorder diagnosis if they display three core features by three years of age: (1) impairments in reciprocal social interactions; (2) abnormal language development; and (3) repetitive and ritualized behaviors (American Psychiatric Association, 1994) . Autism is diagnosed more often in boys than girls, at a ratio of 4:1 (Fombonne, 2003) , and the cause(s) of the disorder, clinical characteristics, and neuroanatomical profiles may differ as well. A hypothesis has been proposed that the brain in toddlers with autism undergoes an abnormal growth trajectory that includes a period of early overgrowth (Courchesne et al., 2001) . Autism is often diagnosed in the fourth year of life, yet cross-sectional magnetic resonance imaging (MRI) and head circumference studies suggest that early brain overgrowth occurs before the diagnosis is typically given.
At birth, head circumference in infants who later develop autism is typically near normal (Lainhart et al., 1997; . However, by two years of age, head circumference becomes abnormally enlarged in children with autism (Courchesne et al., 2003; Dementieva et al., 2005; Hazlett et al., 2005; Dawson et al., 2007; Mraz et al., 2007; Webb et al., 2007) , which corresponds to the age at which symptoms often become apparent. By the time children with autism reach 3 or 4 years of age, crosssectional MRI studies find that brain volume is abnormally enlarged by ϳ5-10% (Courchesne et al., 2001; Carper et al., 2002; Sparks et al., 2002; Hazlett et al., 2005) . A meta-analysis of all published head circumference and cross-sectional MRI brain size data through early 2005 showed that the period of greatest brain enlargement in autism is during the toddler years (Redcay and Courchesne, 2005) , although it is unclear whether this is attributable to increases in cortical gray or white matter, or both, as reported in early cross-sectional MRI studies (Courchesne et al., 2001; Carper et al., 2002) . Furthermore, there appears to be a regional gradient of abnormal enlargement by early childhood, whereby the frontal and temporal lobes are more affected, which parallels those regions mediating cognitive functions that tend to be most impaired (Carper et al., 2002; Hazlett et al., 2005; Bloss and Courchesne, 2007; Courchesne et al., 2007) . There is, however, heterogeneity in both the severity of symptoms and regions of abnormal brain growth in children with an autism spectrum disorder (Amaral et al., 2008) , particularly between males and females (Bloss and Courchesne, 2007) .
Although the hypothesis of early brain overgrowth is currently one of the most prominent theories on the neuropathology of autism, the evidence comes from head circumference and crosssectional MRI studies and therefore awaits confirmation by a longitudinal MRI study of brain volume growth during the time when the symptoms of autism become clinically apparent. The goals of this research program were to (1) identify toddlers who displayed signs of developing autism and (2) use structural MRI at multiple time points through early development to identify which cortical regions show aberrant growth patterns.
Materials and Methods
Diagnostic assessment. One hundred eighteen toddlers (87 males, 31 females) began the study between the ages of 12 and 48 months (mean, 30 Ϯ 10 months). Provisionally autistic children (e.g., children whose behavioral symptoms put them at risk for an autism spectrum disorder; see below) were recruited by clinician referral, through presentations at local autism support group meetings, and by a letter distributed to agencies (directed to parents of children with autism who may have younger siblings). Typically developing young children were recruited via notices given to local preschools, magazine advertisements, and referral from parents already participating in the program. A parent or guardian for each participant gave informed consent to participate in this research program as approved by a joint Institutional Review Board of Rady Children's Hospital San Diego and the University of California, San Diego. A requirement for participation in the study was that all children were full term at birth with no major complications during pregnancy or birth.
At entry into the study, children first received a clinical psychometric and diagnostic evaluation by a research psychologist (C.C.B. or N.A.). Children were reevaluated every 6 -12 months until they exited the study between 48 and 60 months of age, or voluntarily left the study before that age. At the first clinical visit and at each subsequent visit, either the Mullen Scales of Early Learning (Mullen, 1995) or the Wechsler Preschool and Primary Scale of Intelligence-III (Weschler, 2002) was administered to each participant as a standardized measure of early cognition. Toddlers (55 males, 19 females) who displayed symptoms of autism spectrum disorder, as determined by the research psychologist with extensive clinical diagnostic experience with autism, were assigned to a "provisional autism spectrum disorder" (p-ASD) group. These children were also given the Autism Diagnostic Observation Schedule-G (ADOS-G) (Lord et al., 2000) at entry and at subsequent visits, and their parents completed the Autism Diagnostic Interview (ADI-R) (Lord et al., 1994) at entry and exit clinical visits. The ADOS-G is a semistructured standardized assessment of communication, social interaction, and play for young children to evaluate presence of an autism spectrum disorder. It provides a diagnostic classification of autistic disorder, autism spectrum, or nonspectrum based on the child's presentation during the assessment. The ADI-R is a standardized comprehensive parent interview administered by a trained clinician using a semistructured interview format. Questions on this measure are designed to elicit relevant information to assess, confirm, or rule out an autism spectrum disorder through queries closely associated with the diagnostic criteria set forth in the DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-IV ) (American Psychiatric Association, 1994) . Typically developing toddlers, who showed no history of any developmental delay and were judged as typically developing after behavioral and psychometric testing by the clinician, were included in the "control" group (32 males, 12 females). The Vineland Adaptive Behavioral Scales Survey Interview (Sparrow et al., 1984) , a standardized parent or caregiver interview designed to asses a child's functional skills in four different developmental domains, was also administered at intake and at subsequent visits for control subjects and for most children in the p-ASD group.
At Ն48 months of age, children in the p-ASD group were given a final diagnosis of autistic disorder (32 males, 9 females), pervasive developmental disorder-not otherwise specified (PDD-NOS; 8 males, 3 females), or developmental delay/nonspectrum (10 males, 5 female) based on the exit ADI-R administered by C.C.B. or N.A. and the exit ADOS-G administered by C.L. and either C.C.B. or N.A. Seven toddlers (5 males, 2 females) dropped from the p-ASD group before final assessment could be given. Only MRI data from typically developing controls and from children who received a final diagnosis of autistic disorder via this procedure were analyzed for this report (see Table 1 for diagnostic data from final clinical visit).
Neuroimaging. After the first clinical visit and after each subsequent visit, an MRI scan was collected at the UCSD Medical Center, Hillcrest on a 1.5 tesla Siemens Symphony system. A parent or guardian for each participant signed consent before the child entered the MRI scanner and was present throughout the duration of the scan in an adjacent waiting room. Forty-six p-ASD participants required anesthesia to undergo MRI. All other children were scanned at night during natural sleep. The protocols for scanning each participant included a three-dimensional T1-weighted magnetization-prepared rapid gradient echo [MPRAGE; 128 coronal slices; voxel size, 0.859375 ϫ 0.859375 ϫ 1.5 mm; echo time (TE), 3.67 ms; repetition time (TR), 2730 ms] and a constructive interference steady state (CISS; 128 coronal slices; voxel size, 0.859375 ϫ 0.859375 ϫ 1.5 mm; TE, 3.08 ms; TR, 6.15 ms). A total of 193 scans was collected and analyzed for this study; the number of scans subjects received is listed in Table 2 .
Scans were transferred to the laboratory where processing consisted of a combination of semimanual anatomist-guided steps using in-house software plus the program Freesurfer. First, laboratory-developed visual registration software was used to align the MPRAGE and CISS image sets. Then, semiautomated laboratory-developed software using the CISS image (which emphasizes tissue-fluid contrast) was applied to remove nonbrain structures (e.g., skull) from MPRAGE and CISS image sets. The n/a n/a ADI-R NV Comm.
9 Ϯ 3 9Ϯ 3 n/a n/a ADI-R RnR 6 Ϯ 2 5Ϯ 2 n/a n/a Vineland Social 66 program AFNI (Cox, 1996) was then used to align both image sets along the anterior commissure to posterior commissure axis. Both image sets were then imported into a laboratory-developed (by G.M.W.) semimanual segmentation program, GWseg, which permitted anatomists to guide voxel classification into gray matter, white matter, and nonbrain/CSF using a combination of global and local contrast thresholds. Specifically, for a subset of slices, the software displays each slice with a grid of threshold adjustment "knobs" (e.g., 7 ϫ 5) ( Fig. 1 ) overlaid onto the slice; the anatomist adjusts the threshold knobs to obtain the optimal tissue boundary for each slice. Thresholds for intervening slices are interpolated. Intrarater and interrater reliability (ICC) of at least 95% on 30 cases was established by each anatomist who used the segmentation program to classify tissue types for this study. The boundaries of the cerebrum were manually defined as previously described in detail (Courchesne et al., 2001; Carper et al., 2002) (in which subcortical brain structures were excluded) using the laboratorydeveloped software program AREA (Egaas et al., 1995) (AREA-MRI measurement tool, ©1996 by M. Belmonte; based on a problem definition by S. Hinds and B. Egaas, University of California San Diego, La Jolla, CA). These boundaries were then overlaid onto the tissue-segmented/ classified image, and total cerebral, cerebral gray, and cerebral white matter volumes were measured. An ICC of at least 95% was established by each anatomist on all manual tracings.
To obtain lobe volume measures from the total cerebral gray volume, the MPRAGE image set for each subject was imported into the automated program Freesurfer 4.0 Fischl et al., 1999 Fischl et al., , 2001 ) with some modifications as described below. The program normally works by first defining a white matter surface from the MPRAGE images. However, because of the low contrast of gray and white matter in infant and toddler brains, which are not as well myelinated as adult brains, this initial Freesurfer step often failed to produce an adequate white matter surface. We addressed this problem by substituting our reliable anatomist-guided GWseg-based segmentation (described above) for the Freesurfer white surface (wm.mgz), which allowed Freesurfer to proceed with the remaining automated steps of finding the outer gray/pial surface, as described in detail previously Fischl et al., 1999 Fischl et al., , 2001 . Once the gray and white matter surface was determined, cortical surface parcellations were derived from an automated labeling system in Freesurfer that subdivides the cerebral cortex into 34 neuroanatomical subregions per hemisphere. A detailed description of the development and validation of this labeling system was provided previously (Desikan et al., 2006) . The goal of this study was to report cerebral lobe volumes; therefore, we assigned each of the 34 subregions to the appropriate cerebral lobe category so that each gray matter voxel had an associated lobe label. To insure that all gray matter voxels were completely and accurately labeled, the lobe labels from Freesurfer were then overlaid back onto the original anatomist-guided segmentation images to produce volume measures for frontal, temporal, parietal, occipital, and cingulate cortices (Figs. 2, 3). Statistical analyses. All statistical analyses were performed using the SPSS 14.0 and 16.0 (SPSS). We first performed cross-sectional analyses of volumetric data for each region of interest (ROI) measured from a single timepoint scan collected from each subject at ϳ2.5 years of age. This age was chosen by selecting the earliest scan collected for each autistic disorder group subject; computing the average age, which resulted in 32 months; and selecting the scan collected from each control subject closest to 32 months of age. We then performed a general linear model analysis of covariance (ANCOVA) for each ROI to compare volumes between autistic disorder and control subjects at 2.5 years of age covarying for age at scan and gender.
Then, because of the longitudinal nature of the study and the fact that the data consist of nonuniform numbers of repeated measurements at nonuniform ages and intervals, we used linear mixed-effects model analysis. In the linear mixed-effects model used, the intercept term is treated as a random effect that varies by individual such that intraindividual correlation among the measures collected on a particular individual, , is taken into account. We then proceeded with longitudinal analyses using linear mixed-effects models to account for the presence of repeated measurements on individual subjects. It is important to keep in mind that the central aim of this study was to determine whether longitudinal patterns of cerebral gray and white matter growth in autistic and typical toddlers are consistent with age-related changes that have been reported previously in cross-sectional studies of MRI neuroanatomy in early life in autistic disorder. Therefore, although we used linear mixedeffects models to account for the presence of repeated measurements on individual subjects, we based our choice of independent variables on the models used in these previous reports (Courchesne et al., 2001; Carper et al., 2002) . Specifically, we used the following six variables as independent variables or predictors of volume for different ROIs: gender, diagnosis (dummy coded), linear age, quadratic age, interaction between diagnosis and linear age, and interaction between diagnosis and quadratic age. All age terms were centered on the grand mean to allow ease of interpretation of the regression coefficients and to stabilize the analysis by decreasing multicollinearity among otherwise highly correlated main-effect predictor variables (e.g., linear age and quadratic age), as well as between main effects and interaction terms (e.g., linear age and linear age by diagnosis) (Cohen et al., 2003) . Particular emphasis was placed on the linear and quadratic effects of age on brain size, since they are likely to reflect growth trajectory characteristics with respect to which children with autistic disorder may differ from typically developing children. A total of eight ROIs, including frontal gray, temporal gray, parietal gray, occipital gray, cingulate gray, total gray, total white, and total cerebral volume were analyzed in this manner. Furthermore, three different contrasts were tested for statistical significance: autistic disorder versus typical subjects, autistic disorder males versus typical males, and autistic disorder females versus typical females. Gender, as indicated above, was included as a covariate in models that included both male and female subjects.
The current study and previous cross-sectional MRI study reports on autistic toddlers indicate a unidirectional a priori hypothesis of abnormal enlargement, and not reduction, in cerebral gray and white matter volumes. Therefore, in determining statistical significance, we used an ␣ level of 0.1 in the interpretation of regression coefficients reflecting the effect of diagnosis for those ROIs found to be associated with diagnosis in the previous studies. An ␣ level of 0.05 was used in the interpretation of regression coefficients that represent the effect of diagnosis in tests of ROIs that have not previously been examined (e.g., cingulate gray matter volume).
Results

Diagnostic measures
Clinical diagnostic and behavioral measures collected at the final clinical visit (Ͼ48 months of age for autistic disorder subjects) are listed in Table 1 . There was, as expected, a significant group effect for all intelligence quotient and Vineland measures ( p Ͻ 0.001). Table 2 lists the number of MRI scans collected per subject by diagnostic group.
Cross-sectional volumetric analyses of males and females at 2.5 years of age ANCOVA (Table 3) for all subjects, covarying for gender and age at scan, revealed significantly increased total cerebral volume (F (1,82) ϭ 5.79; p ϭ 0.018) in the autistic disorder group relative to controls by 7%. Total cerebral white matter volume (F (1,82) ϭ 3.95; p ϭ 0.050) and gray matter volume (F (1,82) ϭ 4.09; p ϭ 0.046) were significantly larger in the autistic disorder group relative to controls by 10 and 5%, respectively.
Frontal gray (F (1,82) ϭ 4.43; p ϭ 0.038) and temporal gray (F (1,82) ϭ 7.37; p ϭ 0.008) matter volumes were also significantly larger in the autistic disorder group relative to controls by 6 and 9%, respectively. Cingulate volume was 8% larger in children with autistic disorder relative to controls, but this did not reach statistical significance in our sample. There was no difference in the volumes of parietal or occipital gray at ϳ2.5 years of age. Table 4 depicts the results of our best-fit linear mixed-effects model analyses for the combined sample of males and females for each ROI volume measured. We started from a complete general linear mixed-effects model with all available terms, and then higher-order terms that were nonstatistically significant were removed in a stepwise manner until the best-fit model was reached. For all regions except frontal and occipital gray matter volumes, the general linear mixed-effects model was the best-fit model. For total cerebral volume, there were main effects of gender ( p ϭ 0.003), linear age ( p Ͻ 0.0001), and quadratic age ( p Ͻ 0.0001), and the interaction between quadratic age and diagnosis ( p Ͻ 0.0001) indicated a significant difference in growth trajectory between autistic disorder and control (Fig. 4) . For total white matter volume, there were main effects of linear age ( p Ͻ 0.0001) and quadratic age ( p Ͻ 0.0001), as well as an interaction between diagnosis and quadratic age ( p ϭ 0.051), indicating the effect of quadratic age significantly varied between autistic disorder and control children (Fig. 5) . For total gray matter volume, there were main effects of gender ( p ϭ 0.002), linear age ( p Ͻ 0.0001), and quadratic age ( p Ͻ 0.002), and the interaction between quadratic age and diagnosis ( p ϭ 0.073), which indicates a significant difference in growth trajectory between autistic disorder and control (Fig. 5) . Temporal gray matter showed main effects of gender ( p ϭ 0.007), linear age ( p Ͻ 0.0001), and diagnosis ( p ϭ 0.008), and the effect of quadratic age as an interaction with diagnosis ( p ϭ 0.058) significantly varied between autistic disorder and control (Fig. 6 ). Parietal and cingulate gray matter volumes both showed main effects of linear age ( p Ͻ 0.0001) and quadratic age ( p ϭ 0.008 and p Ͻ 0.0001, respectively) and an interaction between quadratic age by diagnosis ( p ϭ 0.008 and p Ͻ 0.0001, respectively), which indicated a significant difference in the growth trajectories of both regions between autistic disorder and control. With respect to frontal gray matter, the best-fitting model was one that included the main effects of gender ( p ϭ 0.002), linear age ( p Ͻ 0.0001), and diagnosis ( p ϭ 0.027), indicating that frontal gray matter volumes significantly differed between autistic disorder and control (Fig. 6 ). For occipital gray matter, the best-fitting model was one that included the main effects of gender ( p ϭ 0.0008), linear age ( p ϭ 0.038), diagnosis ( p ϭ 0.62), and quadratic age ( p ϭ 0.009), indicating no significant differences between autistic disorder and control in either volume or growth pattern in occipital cortex. Table 5 depicts the results of our best-fit linear mixed-effects model analyses for males only for each ROI volume measured. For total cerebral volume, the best-fitting model included main effects of linear age ( p Ͻ 0.0001), diagnosis ( p ϭ 0.43), quadratic age ( p Ͻ 0.0001), and an interaction between quadratic age and diagnosis ( p Ͻ 0.009), which indicated a significant difference in growth trajectory between autistic disorder and control males. For total white matter volume, the best-fitting model included main effects of linear age ( p Ͻ 0.0001), diagnosis ( p ϭ 0.71), and quadratic age ( p Ͻ 0.0001). For total gray matter volume, the best-fitting model included only main effects of linear age ( p Ͻ 0.0001) and diagnosis ( p ϭ 0.11). Thus, only total cerebral volume, but not gray and white matter volumes, showed differences between male autistic disorder and control children in growth trajectory.
Longitudinal analyses of males and females
Longitudinal analyses of males
With respect to both frontal and temporal gray matter volumes, the best-fitting models included main effects of linear age (frontal, p Ͻ 0.0001; temporal, p Ͻ 0.0001) and diagnosis (frontal, p ϭ 0.081; temporal, p ϭ 0.018), indicating significant differences in volumes between male autistic disorder and control subjects in both of these regions. For parietal and cingulate gray matter volumes, the best-fit models included main effects of linear age (parietal, p ϭ 0.001; cingulated, p Ͻ 0.0001), diagnosis (parietal, p ϭ 0.91; cingulated, p ϭ 0.97), and quadratic age (parietal, p ϭ 0.14; cingulated, p Ͻ 0.0001), as well as the interactions between diagnosis and linear age (parietal, p ϭ 0.17; cingulated, p ϭ 0.76) and diagnosis and quadratic age (parietal, p ϭ 0.084; cingulated, p ϭ 0.030), indicating the effect of quadratic age on the growth trajectory of each region significantly varied between autistic disorder and control males. For occipital gray matter volume, the best-fitting model included main effects of both linear age ( p ϭ 0.21) and diagnosis ( p ϭ 0.41), revealing no difference between autistic disorder and control males in either volume or growth trajectory in occipital cortex. , and an interaction between diagnosis and linear age ( p ϭ 0.021), which indicated a significant difference in the growth trajectory between female autistic disorder and control children. With respect to both frontal and parietal gray matter volumes, the best-fitting models included main effects of linear age (frontal, p Ͻ 0.0001; parietal, p ϭ 0.013), diagnosis (frontal, p ϭ 0.40; parietal, p ϭ 0.32), and quadratic age (frontal, p ϭ 0.007; parietal, p ϭ 0.033), as well as the interaction between diagnosis and linear age (frontal, p ϭ 0.010; parietal, p ϭ 0.096), suggesting that the effect of linear age on the growth trajectories of both regions significantly varied between autistic disorder and control females. With respect to total temporal volume, the bestfitting model included main effects of linear age ( p Ͻ 0.0001), diagnosis ( p ϭ 0.069), and quadratic age ( p ϭ 0.008), as well as interactions between diagnosis and linear age ( p ϭ 0.66) and diagnosis and quadratic age ( p ϭ 0.078), indicating that temporal volumes, as well as the effects of both linear and quadratic age on the growth trajectory of temporal cortex, significantly varied between autistic disorder and control. For occipital and cingulate volumes, the selected models included main effects of linear age (occipital, p ϭ 0.088; cingulated, p Ͻ 0.0001), diagnosis (occipital, p ϭ 0.62; cingulated, p ϭ 0.052), and quadratic age (occipital, p ϭ 0.013; cingulated, p ϭ 0.001), revealing a strong trend toward a significant difference in cingulate gray volume between autistic disorder and control, and no difference in either volume or growth pattern in occipital gray.
Longitudinal analyses of females
Discussion
In this first longitudinal study of cerebral cortical development in young children with autism, we provide evidence that the cerebrum and several of its subdivisions undergo an abnormal growth trajectory that includes overgrowth by 2.5 years of age at the time symptoms are becoming clinically evident. This study replicates and extends the findings of our own laboratory (Courchesne et al., 2001; Carper et al., 2002) as well as those of others (Sparks et al., 2002; Hazlett et al., 2005) that children with autism already have enlarged brains by this very young age. Both cerebral gray and white matter demonstrated significant growth abnormalities but also differed by region and gender. Within cortex, the most drastic differences in volume and age-related change occurred in the anterior regions of the brain, including frontal, temporal, and cingulate cortices; posterior cerebral regions were less affected in both volume and growth trajectory. In both the longitudinal and cross-sectional analyses, the most significant aberrant growth was in temporal gray, which also replicates previous findings (Sparks et al., 2002; Hazlett et al., 2005 ) that temporal gray is enlarged at ϳ2.5 years of age. Courchesne et al. (2001) first reported an enlargement in cerebral white and gray matter in children with autism at 2 and 3 years of age, a phenomenon not observed in the older children and adolescents. Hazlett et al. (2005) and Sparks et al. (2002) replicated these findings, both reporting a significant increase in the size of the cerebrum relative to controls at ϳ2-4 years of age. Hazlett et al. (2005) subdivided the cerebrum into gray and white matter volumes and further replicated the report by Courchesne et al. (2001) by finding increases in both regions relative to controls at ϳ2.5 years of age. Carper et al. (2002) examined the same cohort of children as reported by Courchesne et al. (2001) and found that increases in cerebral gray matter were primarily attributed to increases in frontal and temporal cortices. That cross-sectional study predicted that the mean frontal and temporal lobe volumes in typically developing children were increasing by ϳ20% from 2 to 8 years of age, whereas these regions only were increasing by about 1% in children with autism over the same age range. Our current within-subject longitudinal study not only confirmed that early brain overgrowth occurs but also confirmed the hypothesis that the autistic brain is continuing to undergo abnormal development through early childhood.
The anatomical delineations used in the current study differed from previous cross-sectional reports in that the anterior cingulate cortex was included as part of a cingulate gray measure, rather than as part of the frontal lobe as reported previously (Carper et al., 2002; Hazlett et al., 2005) . This difference may have impacted the findings of the current study for frontal gray matter and likely accounts for differences in the level of significance between autism and control in this and previous reports (Carper et al., 2002) . We also found a trend toward enlargement of cingulate gray in children with autism at 2.5 years of age in our present cross-sectional analyses and a significant enlargement in cingulate gray volume in females with autism in our longitudinal analyses, which likely accounts for the apparent discrepancy in frontal gray effect sizes between studies.
We observed significant gender differences in the longitudinal growth trajectories of several brain regions. In males with autism, frontal and temporal lobe gray matter volumes were significantly enlarged, and cingulate gray matter grew at a nonlinear rate that differed relative to controls. The abnormal brain growth in autistic females was more widespread and severe, with total cerebrum, cerebral white, cerebral gray, frontal, and temporal demonstrating abnormal growth trajectories relative to controls; in addition, cingulate gray was enlarged in females but not males with autism. Females with autism also continued to undergo an abnormal growth trajectory in cerebral white and gray matter compared with typically developing females, whereas males with the disorder did not. These results provide additional evidence for our previous hypothesis that males and females with autism may exhibit different neuroanatomical profiles, with females presenting a more pronounced pathology (Bloss and Courchesne, 2007; Schumann et al., 2009) . The results are also analogous to our recently reported cross-sectional findings in the amygdala, in which differences between autistic and typically developing toddlers were more pronounced in females than in males (Schumann et al., 2009) . It is possible that overgrowth may begin earlier in males than females with autism; thus, the age that we are observing in the current study is at the peak of abnormal development for females specifically. Alternatively, it is possible that females with autism display more severely impacted brain overgrowth. This prolonged growth trajectory may result in more severe cognitive and behavioral impairments (Bloss and Courchesne, 2007) .
Our finding of cerebral enlargement by 2.5 years of age, a time when symptoms of autism are becoming clinically evident, begs the question of when overgrowth actually begins and what underlying neurobiological aberrancies contribute to continued abnormal growth. Head circumference studies imply that brain size is near normal at birth but becomes enlarged by 2 years of age (Courchesne et al., 2003; Dementieva et al., 2005; Hazlett et al., 2005; Dawson et al., 2007; Webb et al., 2007) . During this time in development, the typically developing brain undergoes extensive dendritic arborization and active pruning of neuronal processes (Conel, 1939 (Conel, -1967 Huttenlocher, 1979) . Genetic factors and/or overproduction of neurotrophins may lead to excessive cell proliferation and survival and/or exuberant dendritic branching producing cortical overgrowth. Insufficient synaptic pruning of connections between neurons would lead to an excessive number of synapses resulting in increased white matter. Interestingly, recent evidence of premature white matter maturation has been found in anterior brain regions of young children with autism (Ben Bashat et al., 2007) . Recent work in our laboratory has revealed an increase in the proportional neuropil volume in dorsolateral prefrontal cortex (J. Morgan, personal communication). Relatively modest initial perturbations may have catastrophic effects on later neuronal and synaptic organization, driving marked pathological brain overgrowth. Although speculative, these effects may be further compounded over the course of development, as an aberrantly wired brain does not benefit from the same environmental experiences that shape the typically developing brain, further aggravating autistic symptoms and producing additional later brain pathology (for review, see Courchesne et al., 2007) . Given that the onset of autistic symptoms may be associated with early postnatal pathology, early detection and therapy may have compelling effects on outcome. Brain regions that show the greatest degree of enlargement and abnormal growth trajectory in our longitudinal study, including frontal, temporal, and cingulate cortices, have also been reported to display the greatest degree of functional impairment in older children and adults (for review, see Courchesne et al., 2007) . These regions are associated with social attention, language development, and emotional reactivity; impairments in these functions are among the first behavioral signs of autism between 1 and 2 years of age (Wetherby et al., 2004; Zwaigenbaum et al., 2005) . We have previously reported that brain size in young children with autism is correlated with diagnostic and functional outcome (Akshoomoff et al., 2004) . In fact, volumetric brain measurements taken at ϳ3.4 years of age correctly classified 96% of autism spectrum disorder cases and 92% of typically developing control cases at 5 years of age. In addition, 85% of autism spectrum cases were correctly classified as low functioning, and 68% were classified as high functioning based on MRI brain measures alone. If therapeutic intervention can be applied early enough to impact neuroanatomical development, children on the autism spectrum may have substantially better diagnostic and functional outcomes, particularly given the potential for a cascade of downstream pathological alteration.
In summary, we revealed via longitudinal study that the cerebrum in most children with autism is enlarged by 2.5 years of age and that specific subregions have an abnormal growth trajectory. This enlargement and growth pathology is primarily accounted for by the frontal and temporal cortices, and these areas continue to follow an abnormal growth trajectory throughout early childhood. The severity of overgrowth and cerebral regions affected varies by gender; females display a more pronounced abnormal growth profile in more brain regions than males with autism from 2 to 5 years of age. Although it is evident that the brain in the child with autism is undergoing an abnormal growth trajectory throughout early childhood and early brain overgrowth is a consistent and replicated feature of autism, it is important to keep in mind that autism is a heterogeneous disorder and not all children have an enlarged cerebral volume. In fact, no consistent pathology has been found for every child with autism (for review, see Amaral et al., 2008) . Imaging studies of brain development on larger populations may begin to address the heterogeneity of the disorder and in the future will likely describe distinct subtypes of autism, each with a specific associated neuroanatomical phenotype. Maximum benefit will be derived from longitudinal studies of even younger populations with additional characterization of underlying genetic abnormalities and other potential biomarkers that are driving overgrowth and the onset of autistic symptoms at this critical time in development.
